In the present work, multi-objective optimization of the input welding parameters influencing the quality of weld joint of AA 5052 H32 aluminium alloy by FSW process is investigated using response surface methodology and grey relational analysis. The quality of the welded joint is measured based on the higher value of tensile strength and hardness of the joint obtained by experimentation. A central composite design technique consists of 31 sets of experiments using four factors and five levels are used. Tool pin profile, rotational speed, welding speed, and tool tilt angle are selected as the significant input parameters. Analysis of variance (ANOVA) is used to analyze the effect of each input welding parameters on the output responses. Statistical results show that the developed regression model is adequate. Optimum levels of welding parameters are finally identified using grey relation grade. Grain structure of the welded joint is examined by observing the micro and macro structures of the weld.
Introduction
Aluminium and aluminium alloys are not easily weldable by fusion welding processes due to hot cracking, hydrogen embrittlement, distortion, and high residual stress 1 . The problem experienced by the fusion welding was resolved by the invention of a solid-state welding process named friction stir welding (FSW). It was first introduced by The Welding Institute (TWI) in 1991 and it is appraised to be a significant evolution in welding process due to better mechanical properties and environmental aspects 2 . Hence, this solidstate welding process attracted aerospace, automobile, and marine industries. In FSW, a non-consumable tool with a pin and a shoulder plunge into the abutting edges of the plates to be joined to a preset depth and translate along the joining line. During FSW, the material gets heated to a temperature much below the melting point of the metal; however, a change in microstructure occurs in and around the weld site. AA 5052 H32 aluminium alloy is a strain-hardened Al-Mg alloy and it has high specific strength, high fatigue strength, workability, formability, good weldability, and very good corrosion resistance to seawater 3, 4 . This justifies its use in aircraft structures, fuel tanks, marine structures, marine parts, food equipment, other transportation areas, sheet metal work, rivets, etc.
.
Significant input parameters such as tool pin profile, rotational speed, welding speed, tool tilt angle, etc. are responsible for weld quality [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . Tool geometry is a very critical factor for the success of the FSW process. Tool pin profile governs the generation of the heat and stirring required to join the material effectively. Extensive work on the influence of pin geometry on weld quality of aluminium alloys by FSW has been carried out on 2xxx, 6xxx, and 7xxx aluminium alloy [6] [7] [8] [9] [10] . Bayazid et al. 6 studied the effect of the pin profile on defects of FSW welds on AA 7075 aluminium alloy. Three different pin geometries, namely cylindrical, square, and triangular were used for the investigation. The result revealed that the joints made by square pin tool exhibited smaller grain size compared to that of other tools. Ugender et al. 7 found that the tapered cylindrical pin profile exhibited superior tensile properties compared to straight cylindrical pin profile. The taper angle increased the contact area between the pin and workpiece and which increased the frictional heat.
Prasanna et al. 8 studied the effect of hexagonal, square, tapered cylindrical, and triangular pin profiled tool on mechanical properties of FSW welded AA 6061 aluminium alloy. High carbon high chromium steel was chosen as tool material for the study. Venkateswarlu et al. 9 developed a mathematical model to predict the effect of the tool geometries on the weld strength using response surface regression analysis. Different shoulder diameters, pin diameters, and levels of shoulder surface concavity were used for the investigation on AA 7039 FSW welds. The tool material used was stainless steel grade 310. Elangovan et al. 10 used five different tool pin profiles namely straight cylindrical, tapered cylindrical, threaded cylindrical, triangular, and square to find the influence of tool pin profile on weld quality of AA 2219 Al alloy welded by FSW. High carbon steel was used as tool material to fabricate the joint. Square pin profiled tool was suggested for sound welds in the mechanical and metallurgical aspects.
A few studies were carried out on friction stir welding between AA 5052-O aluminium alloy plates [11] [12] . Leonardo et al. 13 studied the effect of tool shoulder diameter on heat input during FSW of AA 5052-H32 alloy. Ramachandran et al.
14 studied the effect of tool rotational speed and tool tilt angle on the mechanical and metallographic characteristics of dissimilar friction stir butt joint between Al Alloy AA 5052-H32 and HSLA steel. Shanavas et al. 15 carried out a comparative study between FSW and TIG welding performed on AA 5052-H32 Al alloy. The result revealed that the FSW was more versatile to weld AA 5052-H32 compared to conventional TIG welding.
Experimental design and analysis under a given set of operating parameters can be accurately and efficiently carried out by using the design of experiments (DOE). Response surface method (RSM) is such an experimental design and analysis method having more numbers of experimental runs and good interactions with variables. This overshoots the problem of few interactions with variables of Taguchi's method 16 . Therefore presently researchers prefer response surface design to design the experiments and analyze the welding parameters. Several works have been carried out on the RSM based design and analysis of FSW between aluminium alloy [17] [18] [19] [20] [21] . Taguchi based Grey Relational Analysis (GRA) are widely used by researchers to solve a multi-response optimization problem. Kesharwani et al. 22 presented a multi-objective optimization of welding parameters influencing the quality of FS welded joint of dissimilar AA 5052-H32 and AA 5754-H22. Tool rotational speed, translation speed, tool shoulder diameter, and tool pin geometry were considered as input parameters. Weld strength and percentage elongation were considered as output parameters. Taguchi grey based approach was used for optimization. Jitender et al. 23 carried out FSW on AA 5083-H32 Al alloy for optimizing welding parameters. Taguchi grey based approach was used for optimization to maximize the responses such as ultimate tensile strength, elongation, and hardness. Tool rotational speed, transverse speed, and tool tilt angle were chosen as the significant input parameters for the study. Prakash et al. 24 optimized the welding parameters for better quality of friction stir welded AM 20 Mg alloy using Taguchi grey based approach. Tool rotational speed, welding speed, tool shoulder diameter, and plunging depth were considered as input parameters. Weld quality was measured based on the maximum value of responses such as tensile strength, elongation, and hardness.
Limited works were carried out on RSM based grey relational analysis to solve multi-response optimization problems. Vijayan et al. 25 studied RSM based GRA approach to optimize process parameters for the FS welded AA 2024 and AA 6061 Al alloy. Welding parameters such as tool rotational speed, welding speed, pin profile, and axial load were considered for the statistical experiment. Tensile strength and elongation were considered as the responses in the study. The welded joints are highly heterogeneous with weld nugget at the center, TMAZ, HAZ, and base metal on either side. So, when subject to tensile load the joints always fail at the weaker region. Hence the quality of the welded joint cannot be measured in terms of elongation of gauge length. Thus, even though some researchers considered elongation as a response for optimizing input welding parameters, in this work elongation is not considered for measuring the quality of joint. The quality of the weld is often decided by tensile strength and hardness. The traditional RSM approach is insufficient to solve a multi-response optimization problem. Optimizing the input parameters considering multiple responses need the aid of grey relation theory in addition to experimental design and analysis method. Therefore, RSM based grey relational analysis (GRA) is used in the present work. Hence in this paper, the input welding parameters influencing the multi responses such as ultimate tensile strength and hardness were optimized using a grey based RSM technique for FS welded AA 5052-H32 aluminium alloy joints.
Experimental Setup
Cold rolled aluminium magnesium alloy AA 5052-H32 plates of 100 mm × 50 mm × 6 mm were used to fabricate the butt joints. The chemical composition of the metal is presented in Table 1 . Oxides on the surface of the plates were removed by wire brushing before welding. The direction of welding was parallel to the rolling direction of the plate. The plates were welded in a single pass, using different tapered tool pin profiles such as cylindrical tapered, hexagon tapered, pentagon tapered, square tapered and triangular c of 10º and pin length of 5.7 mm (Fig. 1) . The circumscribed circle diameter of the tool pin was kept the same for all different pins. Considering the weld quality on AA 5052-H32 aluminium plates and tool wear rate, a non-consumable tool made of H13 steel was selected 26, 27 to fabricate the joints. As prescribed by the design matrix totally 31 joints were fabricated in this investigation.
Tensile tests were carried out by UTM, DAK-UTB 9103 with 100 kN capacities. The samples were prepared by EDM as per ASTM -E8 standard for the test 28 . Microhardness measurements were carried out by Vickers microhardness testing machine (make: Mitutoyo, Japan, and model: HM113) using 50 gf load for 10 s holding time. For microstructure examination, specimens were cut perpendicular to the welding direction by EDM and then electropolished for metallographic analysis. Electron backscatter diffraction (EBSD) was carried out in the parent alloy and weld zones for EBSD band contrast/IPF images by an FEI Quanta FEG SEM equipped with TSL-OIM software. The tensile fractured surfaces were examined by scanning electron microscope (SEM, Jeol JSM -6390LV/JED -2300) at different magnifications to analyze the fracture features of the joints.
The significant factors that influence the joint properties and the working ranges of those factors of AA 5052-H32 aluminium alloy are presented in Table 2 . Trial welds are carried out to fix the center point (middle level) and working ranges of all selected parameters. Four factors, five levels, and a central composite response surface method design matrix with 31 runs are used to design the experimental runs. Table 3 shows the experimental design matrix.
The upper limit and lower limit of the factors are coded as +2 and -2, respectively. The intermediate values are calculated using the relationship, (1) where X i is the required coded value of variable X, X is any value of the variable from X min to X max , X min is the lowest level of the variable and X max is the highest level of the variable.
Photograph of the tensile tested 32 specimens (a base metal and 31 joints) are displayed in Fig. 2 . In the figure, advancing side and retreating side of the welded specimens are labeled as AS and RS, respectively, and the base metal is labeled as BM. The joints fabricated using tapered square pin profile tool with a rotational speed of 600 rpm, welding speed of 65 mm/min, and tilt angle of 1.5 0 (run-30) exhibits maximum tensile strength compared to other joints. But decrease in tilt angle to 0.5 0 (run-23) with other parameters fixed at the above levels exhibits minimum tensile strength compared to other joints. This shows that the tool tilt angle has a significant role in determining the tensile strength of the welded joint. The maximum efficiency determined from the experiment runs form on DOE is 93.51%. The joint which exhibited maximum tensile strength (run-30) fractured at the heat affected zone on the retreating side of the welded joint. The heat-affected region is the weaker region where crack propagates in high strength welded joints. Good bonding at the stir zone due to optimum heat generation and strain rate at the stir zone, and less heat generation and material consolidation at the retreating side compared to the advancing side leads to the joint fracture at retreating side. The joint exhibits minimum tensile strength (run-23) fractured at the stir zone of the welded joint. This is due to poor bonding at the stir zone due to very low frictional heat generation. Fig. 3 shows the SEM image of the fractured surface of the base metal sample and welded sample (run-30) with high tensile strength, subjected to the tensile test. The fractured surface of both samples consists of small dimples, indicating a decrease of plastic deformation level during the tensile test. Higher magnification of the fractured surface of both samples shows clearly a very dense grouping of very small dimples around large dimples, which reveals a good ductile mode of fracture. The study reveals that the ductility of the welded sample with high tensile strength is on a par with parent alloy. cracks, and unbonded zones are not observed in and around the stir zone. Base metal (BM) and different weld zones such as the heat hazard zone (HAZ), the thermo-mechanically affected zone (TMAZ), and the stir zone (SZ) are labeled in the macrograph. Fig. 5 illustrates the EBSD band contrast/IPF images of the base metal and different zones of the welded sample with high tensile strength. The grain structure of the base metal is not uniformed, elongated or non-equiaxed and found coarse, but the stir zone composed of very smaller grains. TMAZ has an elongated grain structure with an average grain size of 34.49 µm owing to the strain during mechanical stirring. In the HAZ region, grains are found coarse and elongated with an average grain size of 57.23 µm owing to the secondary recrystallization at the region, and together with the increased temperature might stimulate grain growth. The average grain size in the base metal is 48.82 µm and grain size in stir zone of FSW joint is 6.9±3.59 µm. This suggests that the stir zone experienced plastic deformation at higher strain rates by the mechanical stirring action of the rotating probe of the tool during the FSW process. Distortion of the microstructure occurs at the BM is due to the cold working of aluminium alloy. Distorted grains lead to fragmentation and formation of refined and equiaxed grains at the stir zone. Restoration/refinement process taking place simultaneously with deformation is called dynamic recrystallization. Grain refinement occurs at the stir zone is as a result of dynamic recrystallization. During dynamic recrystallization, the low angle grain boundaries in the parent alloy get replaced by high angle grain boundaries in the stir zone due to the continuous rotation of the sub-grains (low angle grain boundaries). Absorption of dislocations by low angle boundaries increases the misorientation until the formation of high angle grain boundaries 29, 30 . A higher fraction of high angle grain boundaries (>15 0 ) was observed in the stir zone of FS welded joints compared to parent alloy as illustrated in Fig. 6 . The stored energy is the driving force for recrystallization in cold hardened materials 31 .
Macro and Microstructures

Response Surface Methodology
The response functions such as ultimate tensile strength (UTS) in MPa and Hardness (H) in Hv of the joints are functions of the tool pin profile (P), rotational speed (N) in rpm, welding speed (S) in mm/min, and tool tilt angle (A) in degree. It can be expressed as (2) (3) The mathematical model developed to predict grey relation grade (GRG) of FSW joints of the AA 5052-H32 aluminium alloy is given below:
Analyze the Experimental Results Using
the Grey Relational Grade and ANOVA.
Grey relational analysis (GRA)
GRA is a decision-making technique introduced by Deng. In GRA, two types of data exist namely, known and unknown. The known and unknown data are designated as 'white' and 'black', respectively. During experimentation, in addition to these data, there may be some incomplete data. The incomplete data are together called the grey system. Ultimate tensile strength and hardness were considered in the study for maximization. The step by step GRA analysis is shown below.
• Normalize the experimental results of UTS and hardness.
• Perform the grey relational generating and calculate the grey relational coefficient. where γ i is the grey relational grade for the i th experiment and n is the number of performance characteristics. The calculated normalized value, grey relational coefficient, grey relation grade and rank based on higher grey relation grade the better are tabulated in table 4.
Adequacy of the developed model
The statistical result narrated in table 5 gives the R-square value and adjusted R-square value of 99% and 98%, respectively for the GRG, indicating a very high degree of match exists between the predicted model and experimental value. The adequacy of regression models was tested using the analysis of variance technique (ANOVA). The Table 6 reveals that the calculated value of F-ratio of the tested model is very higher than the tabulated value of F-ratio at 95% confidence level indicates that models are accurate and there is no significant difference between the experimental value and the predicted model. Fig. 7 represents the residual plots, which indicates the perfect fitness of the developed empirical relationships. The histogram and observation order of the residual plot shows that the residual points are distributed on each side. Normal probability plot and versus fits of the residual plot shows that the developed regression model is accurate. Fig. 8 depicts the main effect plot to analyze the quality of the FS-welded specimens. Effect of each input welding parameters on the quality of the weld is assessed graphically by the plot. Based on the main effect plot, the input parameters such as tool profile, rotational speed, and welding speed are found significant when they coming nearer to their center levels, whereas their lower and higher levels did not significantly affect the quality of the FS-welded specimens. But the tool tilt angle is found significant when it is in between center level and higher level. Also, within the range of values considered for modelling the input variables, the welding speed has a lower influence on the quality than the other variables, since the difference between the minimum and max min maximum values of GRG are lower. The joint fabricated with the square pin has the highest GRG value, reveal that among the various pin used in the experiment square pin produce high quality welded joint. 9 represents 3D surface plots for the GRG value obtained from the regression model. The maximum GRG value obtained is exhibited by the apex of the response surfaces. The value of GRG towards '1' represents a high quality of the welded joint in terms of both strength and hardness. Fig. 10 shows the contour plots and it is easier to understand the interaction effects of the input parameters by examining the contour plots. Fig. 10(a) exhibits an almost circular contour, which suggests independence of factor effects, namely tool pin profile and the rotational speed for weld quality at constant center points of 65 mm/min welding speed and 1.5 0 tool tilt angle. Fig. 10(b) shows that the change in the tool pin profile is more sensitive to the change in weld quality than the change in welding speed at constant center points of 600 rpm rotational speed and 1.5 0 tool tilt angle. Fig. 10(c) shows that the change in tool pin profile is slightly more sensitive to the change in weld quality than the change in tool tilt angle at constant center points of 600 rpm rotational speed and 65 mm/min welding speed. Fig. 10(d) shows that the change in rotational speed is more sensitive to the change in weld quality than the change in welding speed at constant center points of tapered square tool pin profile and 1.5 0 tool tilt angle. Fig. 10(e) shows that the change in the rotational speed is slightly more sensitive to the change in weld quality than the change in tool tilt angle at constant center points of tapered square tool pin profile and 65 mm/min welding speed. Fig. 10 (f) exhibits a circular contour, which suggests independence of factor effects, namely welding speed and tool tilt angle for weld quality at constant center points of tapered square tool pin profile and 600 rpm rotational speed. It is observed from the figures that, in all the conditions for quality weld the rotational speed is found at the center point of 600 rpm. The tool rotational speed has no significant interaction effect on the quality of the joint in the range considered for modelling (400− 800 rpm) Materials Research 
Analysis of Response Plots.
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Optimization of Input Parameters and
Confirmation by Experiments
The optimal welding process parameters to maximize GRG were found out via Excel Solver tool. The regression equation obtained from mathematical modelling is used as the objective function. Constraints are used in the function to limit the values of the input factors. The optimum values of input factors for the predicted GRG value of 0.97 are rotational speed of 600 rpm, traverse speed of 60 mm/min, tool tilt angle of 1.9, and tapered square tool pin profile. Furthermore, a confirmation by the experiment was carried out to validate the predicted responses and the results are validated. Table 7 shows the confirmation of the result by experiments.
Conclusion
The multi-objective optimization using RSM and GRA determined the optimal levels of process parameters for the friction stir welded AA 5052-H32 aluminium alloy. In the present study, the quality of the weld is measured in terms of ultimate tensile strength and hardness of the joint.
The findings of the investigation can be summarized as follows:
1. The regression model was developed to estimate the response of the friction stir welded AA 5052-H32 aluminium alloy. The ANOVA analysis showed that the developed model can be effectively used to predict the response of the joints at 95% confidence level. 2. The effects of input welding parameters on the quality of the friction stir welded joints were presented and interpreted. The result shows that the tapered square tool pin profile can produce higher quality friction stir welded joints. The tool tilt angle has a major role in determining the quality of the welded joint. The better consolidation of the material under shoulder due to the increase in tool tilt angle increased the weld quality. 3. A defect-free weld is observed from macro and microstructural examination. The microstructure shows that grain refinement occurred at the stir zone as a result of dynamic recrystallization. 4. The quality of the weld increased with the increase of tool rotational speed, welding speed, and tool tilt angle and reached up to a maximum value, and then decreased.
5.
Surface plots and contour plots were used to discuss the interaction of input welding parameters on weld quality. 6. The optimal values of input parameters to maximize quality in terms of both strength and hardness are as follows: that the mathematical model and RSM based GRA are capable and sufficient for studying friction stir welded AA 5052 H32 aluminum alloys. The maximum efficiency that resulted from the experiment (using the optimum value of input parameter) is 93.61%.
